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Abstract—The Caltech spheromak experiment uses a size A
ignitron in switching a 59-µF capacitor bank (charged up to
8 kV) across an inductive plasma load. Typical power levels in the
discharge circuit are ∼200 MW for a duration of ∼10 µs. This
paper describes the setup of the circuit and the measurements of
various impedances in the circuit. The combined impedance of the
size A ignitron and the cables was found to be significantly larger
than the plasma impedance. This causes the circuit to behave like
a current source with low energy transfer efficiency. This behavior
is expected to be common with other pulsed plasma experiments
of similar size that employ an ignitron switch.
Index Terms—Energy efficiency, ignitron, inductance,
spheromak.
I. INTRODUCTION
THE EFFICIENCY of energy transfer from capacitor banksto a spheromak plasma is usually very low ( 20%)
[1]–[3]. This paper explains the observed energy efficiency of
the discharge circuit of the Caltech spheromak experiment from
a circuit analysis perspective. In particular, this paper describes
the impedance measurements of the GL-7703 size A ignitron
used in the Caltech spheromak experiment and its implications
on the circuit behavior.
Ignitrons can switch a few Coulombs of charge on a fast
time scale (∼10 μs) [4]. They provide an affordable and robust
switching technology, and so, they are used for many pulsed
plasma experiments—spheromak formation [5], helicity injec-
tion [6], Z-pinch experiments [7], propulsion [8], etc. However,
the high resistance (∼25 mΩ) and inductance (∼50–200 nH)
of the ignitron exceeds the plasma impedance and, hence, is
often the main factor in determining circuit performance and
efficiency.
Fig. 1 shows the schematic of the discharge circuit of the
Caltech spheromak experiment [9], [10]. It consists of a high-
voltage (HV) capacitor (∼59 μF) switched by a GL-7703 size
A ignitron [11]. As per specifications of the capacitor, the
equivalent series inductance of the capacitor is  50 nH. The
ignitron is connected to the discharge electrodes using four low-
inductance coaxial cables (Belden YK-198) that are connected
in parallel, with each cable about 3 m in length. The nominal
inductance of each cable is 100 nH/m (as mentioned in the
datasheet). Thus, the cables introduced a total inductance of
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Fig. 1. Schematic of the spheromak discharge circuit.
Fig. 2. Setup of the GL-7703 ignitron next to the HV capacitor.
∼75 nH in the discharge circuit. A resistor (∼2.3 Ω) matched
to the characteristic impedance of the cables is connected across
the electrodes. The matched resistor is made of three low-
inductance tubular Carborundum resistors (∼6.5 Ω each) that
are connected in parallel. It minimizes reflections of the initial
voltage pulse before plasma breakdown. In the event that the
plasma fails to ignite, the matched resistor also acts as a safe-
ty dump.
Fig. 2 shows the housing arrangement of the ignitron next to
the HV capacitor. The top of the ignitron corresponds to point B
in Fig. 1. The four copper bars are wrapped with insulating
kapton tape and provide the return current path to the capacitor.
The copper bars are placed extremely close to the ignitron to
minimize stray inductance. Four stainless steel strips complete
the return path of the current to the capacitor.
Plasma is created by a discharge across coplanar copper
electrodes shown in Fig. 3. The inner cathode has a diameter of
20 cm, and the outer annular anode has a diameter of 50 cm.
The cathode corresponds to point C in the schematic shown
0093-3813/$26.00 © 2009 IEEE
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Fig. 3. Visual images of the two distinct stages of plasma evolution in the
Caltech spheromak experiment. (a) Eight spider legs. (b) Collimated jet.
Fig. 4. Current and voltage traces measured across the electrodes for a typical
plasma shot.
in Fig. 1, while the anode is grounded. A vacuum magnetic
field created by a coil behind the electrodes links the inner
disk cathode and outer annular anode. Just before the discharge,
neutral gas is puffed near the electrodes using 16 orifices, with
eight each on the two electrodes. Thus, at the breakdown, eight
collimated plasma-filled flux tubes linking the electrodes along
the gas orifices are formed in the experiment. These resemble
eight legs of a spider, as shown in Fig. 3(a). As the eight
flux tubes expand, they merge to form a collimated jet shown
in Fig. 3(b). The stability of the jet against the kink mode
is enhanced by increasing the strength of the applied vacuum
magnetic field [9].
II. RESULTS
A. Plasma Parameters
The plasma jet conducts current between the electrodes. As
the jet expands, the inductance of the plasma increases. Typical
current and voltage traces measured across the electrodes are
shown in Fig. 4. Note that the traces are not in phase, implying
that the plasma is inductive. The plasma experiments are con-
ducted within the first half of the current oscillation (i.e., during
the first 10 μs after breakdown). The voltage measured across
the electrodes and the current flowing through the electrodes
are related by
V (t) = I(t)
(
R(t) +
dL(t)
dt
)
+ L(t)
dI(t)
dt
(1)
Fig. 5. Lumped circuit model for the discharge circuit across a dummy load.
where V is the voltage measured across the electrodes, I is the
current flowing through the electrodes and the plasma, L is the
time-varying inductance of the plasma structure, and R is
the time-varying resistance of the plasma. At breakdown,
plasma inductance can be estimated as L ∼ V/I˙ ∼ 50 nH.
Similar arguments have been used to estimate plasma induc-
tances in other spheromak experiments [12], [13]. Equation (1)
implies that (R + L˙) ∼ V/I when I(t) is at a local extrema.
Thus, the sum of the plasma resistance and the rate of change
of inductance can be estimated from Fig. 4 to be (R + L˙) ∼
V/I ∼ 12 mΩ when I(t) is at its minimum at t ∼ 4.3 μs.
The plasma jets produced in the experiment conduct current
up to an inner radius of r◦ ∼ 10 cm1 and have an outer return
current at radius r ∼ 25 cm, a length of l ∼ 20 cm, and outward
velocity of v ∼ 30 km/s [14]. Thus, the inductance and the rate
of change of inductance in these jets can be approximated as
L ∼ μ◦l
2π
log
(
r
r◦
)
∼ 35 nH
L˙ ∼ μ◦v
2π
log
(
r
r◦
)
∼ 5.5 mΩ.
The resistance of the plasma jet can also be estimated by
similar geometric considerations. The plasma ion temperature
Ti is ∼2 eV [15, Pg. 53]. Since the plasma is extremely colli-
sional [14], the plasma electron temperature Te should be equal
to the ion temperature Ti. This implies a Spitzer resistivity of
η ∼ 3.6× 10−4 Ωm. Thus, plasma resistance can be estimated
as R ∼ ηl/πr2◦ ∼ 2.5 mΩ. Due to the uncertainties involved
with the Coulomb logarithm and the plasma geometry, this
is a rough estimate of plasma resistance. However, it shows
that plasma resistance and its rate of change of inductance are
comparable to each other.
B. Other Circuit Parameters
In order to measure the impedances of the cables and the
ignitron, the plasma and the matched resistor were replaced by
a fixed dummy load of resistance 82 mΩ and inductance 1 μH.
A lumped circuit model for the setup is shown in Fig. 5. Rci
represents the resistance of the inner conductor of the cables.
1The radius of the current channel (r◦ ∼ 10 cm) is much greater than the
radius of the plasma jet (∼3 cm) inferred from visible images [see Fig. 3(b)].
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Fig. 6. Measurements from discharging the HV capacitor charged to 2 kV across the dummy load. (a) Current flowing through the dummy load. (b) Voltage
across the ignitron (VA − VB) (see Fig. 5). (c) Energy E =
∫ t
0
V Idt flowing into the dummy load, where the current I is shown in Fig. 6(a) and the voltage V
was measured at points A, B, and C (see Fig. 5).
Rco represents the resistance in the current return path and is
the sum of the resistance of the outer conductor of the cables
and the resistance of the four stainless steel strips shown in
Fig. 2. Lc and Lb represent the equivalent series inductance of
the cables and the capacitor bank, respectively (Lc ∼ 75 nH and
Lb  50 nH). Ri (Rd) and Li (Ld) represent the resistance and
inductance of the ignitron (dummy load), respectively. A series
of shots was done by charging the HV capacitor to 2 kV and
discharging it across the dummy load. Voltages were measured
at points “A,” “B,” and “C” in the circuit (see Fig. 5). The
current flowing through the circuit and the voltage measured
at these points can be used to calculate the net energy flow
across these points from the time integral of the Poynting flux
EX =
∫∞
0 VX(t)I(t)dt, where X is “A,” “B,” or “C.”
As t→∞, the current in the circuit I(t)→ 0. Thus, as t→
∞, the entire energy EX is dissipated resistively. This implies
EX =
∞∫
0
VX(t)I(t)dt =
∞∫
0
RX(t)I2(t)dt
where RX(t) is the resistance between the point “X” and the
circuit ground. An estimate of the resistance RX can thus be
obtained by
RX ∼ EX∫∞
0 I
2(t)dt
. (2)
Equation (2) is used repeatedly in this paper to estimate the
various resistances in the discharge circuit.
The total energy dissipated across the cable inner conductor
and the load (see Fig. 6) is Einner+load =
∫∞
0 I
2(Rci +
Rd)dt. Since the energy dissipated across the load is
Eload =
∫∞
0 I
2Rddt, we measure from the experiments
that Rci = Rd[(Einner+load − Eload)/Eload] = Rd[(EB −
EC)/EC] ∼ 8 mΩ.
The initial capacitor bank energy is Ecapacitor ∼ 115 J.
Part of it is dissipated across the resistance Rco in
the current’s return path. Thus, Rco ∼ Rd[(Ecapacitor −
Einner+load+ignitron)/Eload] ∼ 23 mΩ. The resistance Rco is
the cumulative effect of the resistance of the stainless steel
strips shown in Fig. 2 (measured to be ∼13 mΩ) and the
resistance of the outer conductor of the Belden YK-198 cables.
TABLE I
MEASURED IMPEDANCE OF IGNITRON GL-7703
The ignitron resistance is expected to be time and load
dependent, but an average value can be estimated as Ri ∼
Rd[(Einner+load+ignitron − Eload)/Eload]−Rci = Rd[(EA −
EC)/EC]−Rci ∼ 22 mΩ. The ignitron resistance may
also be estimated by Ri ∼ (Vignitron/Iignitron), evaluated at
time t1 from Fig. 6(a) and (b). This leads to an estimate of
Ri ∼ 21 mΩ.
An average value of the ignitron inductance can be esti-
mated by Li ∼ (Vignitron/I˙ignitron), when Iignitron ∼ 0. From
Fig. 6(a), Li ∼ 170 nH at time t0. Also, from Fig. 6(a),
Li ∼ 800 nH at the turnoff time t2, when the ignitron stops
conducting.
The ignitron resistance and inductance estimated earlier is
expected to depend on the current flowing through the ignitron.
Thus, a series of shots was done by charging the HV capacitor
to 7 kV and discharging it across the electrodes to create a
plasma. As shown in Fig. 4, the typical current through the
ignitron in such shots is ∼80 kA. Voltage was measured at
both ends of the ignitron. By a similar analysis as described
for the dummy load shots, the ignitron resistance was estimated
from the fraction of capacitor bank energy dissipated across the
ignitron. It yielded an estimate of Ri ∼ 29 mΩ. The ignitron
inductance was estimated by Li ∼ (Vignitron/I˙ignitron), when
Iignitron ∼ 0, and yielded Li ∼ 50 nH.
C. Summary of Results
Table I lists the characteristic impedances of the ignitron
GL-7703. For the low current case, the ignitron inductance was
found to be much higher than the nominal value of 20 nH
mentioned in the datasheet [11]. Also, the ignitron resistance
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TABLE II
TYPICAL PARAMETERS OF THE DISCHARGE CIRCUIT OF THE CALTECH
SPHEROMAK EXPERIMENT (HIGH CURRENT ∼80 kA)
was found to be high (∼25 mΩ) and relatively independent of
the current flowing through the ignitron. Similar estimate for
ignitron resistance has been reported earlier [16]. Note that the
ignitron resistance is expected to be high (∼20 mΩ) for current
pulses with smaller time scales (∼10 μs) and substantially
lower (∼5 mΩ) for current pulses with longer time scales
( 1 ms) [16].
The damped frequency of oscillations in the current trace
from a typical spheromak plasma shot (see Fig. 4) is ωd ∼
2.7× 105 rad/s. Thus, the various impedances in the spheromak
discharge circuit are summarized in Table II. The superscript
in the second column indicates if the quantity is an order of
magnitude estimate (OM), an estimate from geometrical con-
siderations (GC), measured from current/voltage traces (MT),
or calculated from the datasheet (DS).
III. CONCLUSION
The estimates from Tables I and II can be used to draw the
following conclusions.
1) Low energy coupling efficiency: Since the total resistance
in the discharge circuit substantially exceeds the resis-
tance of the plasma, the energy coupling efficiency of
the circuit is low. Fig. 7 shows the time integral of the
Poynting flux into the plasma (and the corresponding
efficiency ∼24%) for a typical plasma discharge. A low
energy coupling efficiency has been observed in other
experiments involving ignitrons as well [17]. Note that,
with higher plasma temperature, the resistance of the
plasma is expected to decrease, thereby causing a further
decrease in the efficiency. An energy coupling efficiency
of ∼60% has been reported previously, even while using
ignitrons [18]. However, that was because, for a longer
Fig. 7. Energy (=
∫ t
0
V Idt) flowing into the plasma. A 59-µF capacitor
charged to 7 kV was discharged into a deuterium plasma. Total capacitor bank
energy ≈1500 J.
pulse duration (∼3 ms), the external (ignitron) resistance
(3 mΩ) was much smaller and, hence, comparable to the
plasma resistance (2 mΩ). The resistance of the switch
in a pulsed power circuit has an adverse effect on the
energy coupling efficiency. Thus, using spark gaps, which
have low resistance (∼1 mΩ), may lead to even higher
efficiencies (∼90%) [19].
2) Underdamped discharge circuit: For the typical param-
eters shown in Table II, the discharge circuit is under-
damped, with the frequency of these damped oscillations
ωd =
√
(1/LC)(1− ζ2), where the damping factor
ζ = (R/2)
√
C/L. Using nominal values of C = 59 μF,
L = 215 nH, and R = 63 mΩ, we get ζ ∼ 0.5, and
ωd = 2.4× 105 rad/s, which is very close to the observed
frequency of oscillations in Fig. 4.
3) Discharge circuit is a current source: Table II shows
that the combined impedance of the ignitron and the
cables dominates the impedance of the plasma. Thus,
plasma impedance plays a negligible role in determining
the temporal profile of the current trace in the circuit.
Fig. 8(d) shows that the frequency of the damped oscil-
lations remains close to 2.7× 105 rad/s by changing the
following: a) the discharge voltage of the capacitor bank
[see Fig. 8(a)]; b) the poloidal bias flux in the experiment
[see Fig. 8(b)]; c) the neutral gas species [see Fig. 8(c)];
and d) the number of capacitors in the discharge circuit
[see Fig. 8(d)]. With two capacitors being discharged
across the plasma, the temporal behavior of the current
trace did not change significantly because, even though
the capacitance in the circuit increased twofold, the resis-
tance and the inductance also increased almost twofold
due to the extra ignitron and the cables (see Fig. 9). Thus,
the Caltech spheromak discharge circuit acts as a current
source driving an inductive plasma load.
4) High ignitron inductance: The GL-7703 is a commer-
cially available low-inductance ignitron. The product
datasheet [11] lists its approximate inductance to be
20 nH. The inductance measurements of other igni-
trons have revealed both very low (∼10 nH) [20] and
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Fig. 8. Current trace from various plasma shots showing that the temporal behavior of the current trace did not change significantly by varying the parameters.
Fig. 9. Schematic of the spheromak discharge circuit using two HV capacitors.
sometimes higher estimates (∼200 nH) as well [16].
Our analysis estimates the inductance to be high (170–
800 nH) for low current regime and low (50 nH) for
higher current.
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